Background and objectives Hyperphosphatemia and subclinical endotoxemia are important sources of inflammation in HD. Proinflammatory cytokines are strong correlates of soluble CD14 (sCD14) concentrations, an independent predictor of mortality in this population. We evaluated the effects of calcium acetate and sevelamer hydrochloride on serum inflammatory profile, endotoxin concentrations, and sCD14 levels in HD patients.
Introduction
Inflammation, a prevalent condition in hemodialysis (HD) patients, plays a pivotal role in diverse complications (1) , and it is a strong predictor of mortality (2) (3) (4) . One relevant source of inflammation is subclinical endotoxemia, due to exposure to soluble bacterial products such as lipopolysaccharide fragments (LPS, endotoxins) (5) . In blood, endotoxins are transferred to CD14, a key molecule acting as a pattern-recognition receptor with a critical role in proinflammatory signaling (6, 7) . Two forms of CD14 are present: membrane bound (mCD14; constitutively expressed on the surface of monocytes, macrophages, and neutrophils) and soluble (sCD14), derived from both secretion and enzymatic cleavage of mCD14 (6 -8) . Increased CD14 expression and sCD14 serum concentrations have been reported in HD patients (9) . Recent studies have shown that proinflammatory cytokines are the strongest correlates of sCD14, this parameter being an independent predictor of mortality (10, 11) .
Hyperphosphatemia is a relevant mineral metabolism abnormality in chronic kidney disease (CKD) associated with increased morbidity and mortality (12, 13) . In addition, serum phosphorus is direct and independently correlated with inflammatory parameters, indicating that hyperphosphatemia may be a contributing factor to inflammation (14) . Therefore, adequate management of hyperphosphatemia is a critical issue in renal patients.
In addition to its phosphate-binding effect, sevelamer hydrochloride, a nonabsorbable noncalcium-based hydrogel, has been shown to exert a raft of beneficial pleiotropic actions, including anti-inflammatory effects (15) . sevelamer may bind endotoxins and sequester bile acid-LPS complexes in the intestinal tract (16) . Clinically, in a cross-sectional study, plasma endotoxin levels were significantly lower among pa-tients prescribed sevelamer compared with those receiving either calcium-based binders or no binders (17) . More recently, in a prospective, noncontrolled trial, sevelamer treatment leads to a decrease in high-sensitivity C-reactive protein (hsCRP), which was accompanied by a parallel decrease in endotoxemia (18) .
The aim of the present investigation was to evaluate, in a prospective, controlled, randomized study, the differential effects of a classical calcium-containing phosphate binder (calcium acetate) and a calcium-free phosphate binder (sevelamer hydrochloride) on serum profile of inflammatory cytokines, LPS concentration, and sCD14 levels in HD patients.
Materials and Methods

Study Design
This was a single-center, prospective, randomized, openlabel, parallel design trial, registered at the European clinical trial database (EudraCT 2005-004052-12). This research was carried out in accordance with the Declaration of Helsinki, Good Clinical Practice guidelines and applicable regulations. The protocol was approved by the institutional ethics committee, and patients provided written informed consent.
The primary end point was to analyze the differential influence of calcium-containing phosphate binders (calcium acetate) versus calcium-free phosphate binders (sevelamer) on the serum IL-6 concentrations after 3 months of therapy. Secondary end points were changes in serum inflammatory profile (hs-CRP and the inflammatory cytokines TNF-␣, IL-1, IL-10, and IL-18), serum LPS and sCD14 concentrations, and the potential relationship between these parameters. After a washout/run-in phase of 2 to 3 weeks (all phosphate binders were discontinued), patients were randomized to receive calcium acetate (Royen®, 500 mg three times a day) or sevelamer hydrochloride (Renagel®, 1600 mg three times a day) for 12 weeks. Randomization was performed by a computer-generated series of random numbers. All laboratory parameters were determined blinded to treatment allocation.
Patient Population
Stable adult patients with CKD stage 5-D, on maintenance HD (4 h/session, 3 sessions/wk, no dialysis filter reuse) for at least 3 months were enrolled in the study. Eligibility criteria were as follow: patients of either sex with age Ͼ18 years old, requiring therapy with a phosphate binder, and not receiving vitamin D or calcimimetics. Exclusion criteria included severe gastrointestinal disease; current smoking habit; alcohol dependence or drug abuse; history of immunologic or tumoral disease; an acute inflammatory or infectious episode in the previous month; hepatitis B, C, or HIV positivity; prior transplantation; and patients on immunotherapy or immunosuppressive treatment. A total of 113 patients were initially screened. Fiftyfour were excluded and 65 were finally eligible and randomized to the two treatment regimens. Six patients were withdrawn: three received a renal transplant, two discontinued intervention, and one patient withdrew consent for adverse events. Fifty-nine patients completed the study (30 received sevelamer and 29 calcium acetate; Figure 1 ).
Study Parameters
Blood samples were drawn after an 8-hour fasting period, before the midweek HD session. Serum was obtained and frozen at Ϫ80°C for biochemical analysis and for measurements of inflammatory parameters, endotoxins, and sCD14. Routine biochemical parameters were measured using standard methods. Serum hs-CRP was measured by a high sensitivity particle-enhanced immunoturbidimetric fully automated assay (Roche Diagnostics GmbH, Mannheim, Germany) in a Cobas 6000 analyzer from the same manufacturer (functional sensitivity was 0.3 mg/L and the intra-and interassay precision was 1.6 and 8.4, respectively). Levels of TNF-␣, IL-1, IL-6, IL-10, and IL-18 were measured by a high-sensitive immunoenzymatic ELISA method (Quantikine Human, R&D Systems, Minneapolis, MN) in a DSXTM 4 Plate ELISA Processor (Vitro SA, Spain). Minimum detectable concentrations were 0.10 pg/ml, 0.05 pg/ml, 0.70 pg/ml, 0.50 pg/ml, and 12.5 pg/ml, respectively. Intra-and interassay coefficients of variability were Ͻ10.8%. Serum endotoxin concentration was quantified by chromogenic limulus amebocyte lysate test (QCL-1000; Cambrex Bioscience Inc., Walkersville, MD). The lower limit of detection was 0.01 endotoxin unit (EU)/ml, and the inter-and intra-assay variation coefficients were Ͻ10%. Samples used for endotoxin determinations were stored in LPS-free tubes, and all materials used for the assay were rendered LPS-free. sCD14 were determined by ELISA (Quantikine ELISA Kit; R&D Systems, Minneapolis, MN); the minimum detectable level was 125 pg/ml, and the inter-and intra-assay coefficients of variations Ͻ7.5% and 6.5%, respectively.
Statistical Analysis
Sample size calculation was based on IL-6, due to the superiority of this cytokine as a predictor of all-cause and cardiovascular mortality in dialysis patients (19, 20) . The assumed SD for IL-6 for the power calculation was 2.6 pg/ml (21) . The sample size calculation to detect a 25% relative difference in the serum IL-6 concentration at the end of the study between both groups for an ␣ value of 0.05 and a ␤ value of 0.90 showed a need for a minimum of 26 individuals in each group.
Data are presented as mean Ϯ SD, except for hs-CRP, cytokines, serum endotoxin, and sCD14, which are presented as median and interquartile range. Variables were tested for normality using the Kolmogorov-Smirnov test. Since serum endotoxin, sCD14, and inflammatory parameters were not normally distributed, these variables were logarithmically transformed. The primary analysis of the study was to compare the change in serum concentrations of hs-CRP, TNF-␣, and interleukins 1, 6, 10, and 18. A general linear mixed-effect model was used. Subject number was entered as a random factor, treatment group was entered as a fixed factor, and age and dialysis vintage were entered as covariables. The paired and unpaired t tests were used to compare intra-and intergroup differences, as appropriate. The chi-squared test was used for differences in proportions and linear trends. Correlation analysis was performed to evaluate the association between the inflammatory parameters and the other variables. A forward stepwise multiple regression analysis was performed to determine the association between diverse independent variables and IL-6, serum endotoxin level, and sCD14 concentration as the dependent variables. Bonferroni correction was used for multiple analyses. A P value Ͻ0.05 was considered significant. Data were analyzed using SPSS version 17.0 (SPSS Inc., Chicago, IL).
Results
Fifty-nine patients (29 males and 30 females, mean age 61 Ϯ 15 years, mean HD vintage 29 Ϯ 10 months, 42% diabetics) were finally analyzed (Table 1) . Patients used polyacrilonitrile (60%) or polysulfone membranes (40%). Regarding vascular access, 72% had an arteriovenous fistula, whereas 28% had grafts or central dialysis catheters. Most patients used antihypertensive therapy (calcium channel blockers, 51%; angiotensin converting enzyme inhibitors or angiotensin receptor blockers, 42%; ␤-blockers, 24%; diuretics, 19%; and ␣-blockers, 7%). Fifty-one patients (86%) used statins, and 90% received erythropoiesis-stimulating agents. Baseline characteristics and medication use were similar between groups.
Evolution of Mineral Metabolism and Inflammatory Parameters
At the end of the study, serum phosphorus, calciumphosphorus product (CaxP), and serum parathyroid hormone (PTH) decreased significantly in both groups (Table 2) . On the contrary, whereas serum calcium did not change in subjects receiving sevelamer, this parameter significantly increased in patients treated with calcium acetate. Mean reduction of CaxP was higher in the sevelamer group (4.5 versus 2.0 mg 2 /dl 2 , P ϭ 0.02), whereas the decrease in serum phosphorus almost reached statistical significance (0.5 versus 0.3 mg/dl, P ϭ 0.07). Mean percent reduction of PTH was similar: 20.9% in the sevelamer group and 13.4% in the calcium acetate group.
The evolution of serum inflammatory profile was significantly different between the sevelamer and the calcium acetate groups. Percent variation of serum hs-CRP and IL-6 were, respectively, Ϫ7.8% (95% confidence interval [CI] Ϫ13 to Ϫ2.5) versus ϩ3.6% (95% CI 1.8 to 9.2; P Ͻ 0.01), and Ϫ7.1% (95% CI Ϫ12 to Ϫ2.3) versus ϩ7.5% (95% CI 3 to 12; P Ͻ 0.001). Evolution of inflammatory parameters is shown in Table 2 . In patients receiving calcium acetate, serum IL-6 experienced a mild but significant increase. On the contrary, hs-CRP and IL-6 significantly decreased in subjects treated with sevelamer, whereas serum levels of IL-10 showed a mean percent increase of 14.1% respect to baseline (P ϭ 0.052). Serum TNF-␣, IL-1 and IL-18 did not change. Mean percent variations of hs-CRP and serum cytokines are shown in Figure 2 . Finally, the balance between pro-and anti-inflammatory forces was evaluated by the evolution of the ratios of TNF␣, IL-1, IL-6, and IL-18 to the anti-inflammatory cytokine IL-10. We observed an opposite effect: Where all these ratios increased in subjects treated with calcium acetate (increase between 14% and 29%), in patients receiving sevelamer, these ratios experienced a mean percent reduction between 5.6 and 11.7% (Figure 4 ).
Evolution of Endotoxin Levels and sCD14
Serum endotoxin concentrations and sCD14 levels did not change after treatment with calcium acetate, whereas they significantly decreased (P Ͻ 0.01) in patients receiving sevelamer (Table 2) . Serum endotoxin and sCD14 experienced a mild, nonsignificant increase in subjects receiving calcium acetate (1.4% and 2.4%, respectively), whereas they decreased by 22.6% and 15.2% in patients treated with sevelamer (P Ͻ 0.01 and P Ͻ 0.0001, respectively versus calcium acetate group; Figure 3) . Table 3 lists bivariate regression results between change in serum LPS and sCD14 levels with variation in mineral metabolism and inflammatory parameters. Change in serum calcium, hsCRP, IL-6, and IL-18 correlated positively with changes in LPS levels, with variations in hsCRP and IL-6 showing the strongest correlation. Regarding sCD14, variations in CaxP, PTH, hsCRP, and IL-6 were directly correlated with changes in sCD14, whereas IL-10 variation showed a negative correlation. Similarly to LPS, changes in hsCRP and IL-6 had the strongest correlation with sCD14 variation.
Correlates of Serum Endotoxin, IL-6, and sCD14 Changes
Simple regression showed that the variation in calcium and CaxP were directly related to changes in serum IL-6 (r ϭ 0.28 and r ϭ 0.30, respectively, P Ͻ 0.05). Multiple regression analysis with age, gender, dialysis vintage, and variations in calcium, phosphate, CaxP, and PTH as the independent variables, demonstrated that age and variation in CaxP were independently related to change in serum IL-6. When variation in serum endotoxin concentrations was included in the model, this parameter had the strongest correlation with IL-6 change (Table 4) .
Finally, multiple regression analysis was performed using the changes in serum sCD14 as the dependent variable (Table 5) . In Model 1, the independent variables were age, gender, dialysis vintage, and changes in parameters of mineral metabolism (calcium, phosphorus, CaxP, and PTH). Analysis showed that changes in serum calcium and PTH were independently associated with variations in sCD14. Model 2 was performed using age, gender, dialysis vintage, and changes in inflammatory parameters (hsCRP, TNF-␣, IL-1, IL-6, IL-10, and IL-18) as the independent variables, showing that changes in sCD14 were independently and significantly associated only with the variation in serum IL-6, a relationship that remained significant when changes in calcium and PTH were included in the analysis (Model 3). Finally, when the variation in serum endotoxin levels was included (Model 4), the only variables independently associated with changes in sCD14 concentrations were the variations in serum IL-6 and LPS.
Discussion
This study shows that sevelamer treatment, in comparison with calcium-containing phosphate binders, is associated with anti-inflammatory effects, which are dependent of reduction in serum endotoxin levels. In addition, sevelamer is also associated with a significant decrease of sCD14 serum concentrations.
Hyperphosphatemia and inflammation are key pathogenic factors of prevalent complications in HD. Furthermore, increased serum phosphorus is an independent risk factor for the presence of a significant inflammatory state in CKD patients (14) . In addition to the reduction of phosphorus levels, the noncalcium phosphate binder sevelamer has been associated with anti-inflammatory properties. Ferramosca et al. (22) showed that sevelamer treatment resulted in significant reductions of serum phosphorus and CRP levels. Likewise, Yamada et al. (23) observed a significant decrease of CRP during sevelamer therapy, which was correlated with the change of phosphorus. More recently, a subanalysis from the Nutritional and Inflammatory Evaluation of Dialysis Patients Study showed that patients receiving sevelamer were more likely to have a lower CRP concentration when compared with patients treated with calcium-based phosphate binders (24) . In our study, serum hs-CRP and IL-6 significantly decreased in subjects treated with sevelamer, whereas inflammatory parameters did not change in subjects receiving calcium ac- etate. Of interest, multiple regression analysis demonstrated that changes in CaxP product was an independent predictor of variations in serum IL-6, even after adjusting for serum endotoxin concentrations, suggesting that control of hyperphosphatemia and CaxP with noncalcium phosphate binders may be associated with modulation of inflammation.
Exposure to soluble bacterial products causes immune activation and is a source of inflammation in the dialysis population. Plasma endotoxin levels are increased in dialysis patients, and correlate with levels of inflammatory markers and atherosclerosis (25, 26) . We found that endotoxemia is common in HD patients, with serum endotoxin concentrations similar to those recently reported by others (11, 25) . Furthermore, we observed that whereas patients treated with calcium acetate did not show any change, subjects receiving sevelamer experienced a significant 22.6% reduction in serum endotoxin levels. Our randomized prospective study confirms previous data regarding the properties of sevelamer in reducing the level of circulating endotoxins, with a parallel decrease in CRP (18) . In that noncomparative, nonradomized study, endotoxin concentration decreased by 80%. The lower reduction in our study may be explained by several factors: the higher mean age of our patients (59 versus 51 years), the higher percent of diabetics (43% versus 15%), the higher dialysis vintage (30 versus 12 months), and the lower time of sevelamer therapy (3 versus 6 months). In addition, our study shows that reduction in serum endotoxin levels is the strongest factor associated with reduction of IL-6 concentrations. Another important finding in this study is the reduction of sCD14 in patients receiving sevelamer. CD14 acts as a major surface receptor for endotoxins as well as for different molecules from gram-positive and gram-negative bacteria (6) . In blood, endotoxins are transferred to mCD14 on monocytes, resulting in cell activation (7) . In addition to mCD14, sCD14 is present in serum, and elevated concentrations have been related to inflammation, metabolic disorders, aortic stiffness, and heart failure (27) (28) (29) . Increased monocyte mCD14 expression and sCD14 serum concentrations have been reported in HD patients (9) . More important, serum levels of sCD14 were negatively associated with nutritional indexes and were independent predictors of mortality (10, 11) . Our study shows that sevelamer administration was associated with a 15.2% significant reduction in sCD14 concentration, as compared with a nonsignificant increase in subjects receiving calcium acetate (P Ͻ 0.0001 between groups). When we analyze the correlates of sCD14 variations after sevelamer administration by multiple regression analysis modeling for changes in mineral metabolism parameters, inflammatory markers, and serum endotoxin levels, the only variables independently associated with changes in sCD14 were the variations in serum IL-6 and endotoxin concentrations.
The potential translation of results of the present study on clinical outcomes is of interest. Previous trials have shown that sevelamer, as compared with calcium-containing phosphate binders, is associated with a positive impact on vascular calcification (30 -32) , a process in which inflammation plays a key pathogenic role (33) . Moreover, a post hoc analysis of the RIND (Renagel In New Dialysis) trial showed that sevelamer use conferred a significant survival benefit as compared with calcium acetate (35) . These previous results are in agreement with our findings on the anti-inflammatory activity of sevelamer and the potential clinical translation of these effects. However, these observations contrast with the DCOR (Dialysis Clinical Outcomes Revisited) study (34) , which showed that mortality rates were not significantly different between patients receiving sevelamer or calcium-based phosphate binders. This deserves several comments. First, inflammatory parameters were not measured in the DCOR study, and, therefore, significant differences regarding this profile cannot be excluded. Second, there are important differences regarding patients' characteristics. Thus, in the DCOR study, 50% of participants were diabetics, whereas in our study, this percent was substantially lower (42%). In addition, all patients in our study were Caucasians, whereas in the DCOR trial, more than half of subjects were of other races. A third difference is the dialysis vintage, which was substantially lower in our study (29 versus 38 months) . Finally, in the DCOR study, a significant interaction between treatment and age was observed for mortality, with sevelamer treatment being associated with improved survival in subjects Ն65 years of age. After analysis by age, the older group (Ն65 years old) in the DCOR trial had a higher percent of Caucasians (60.8% versus 38.1%), a lower proportion of diabetics (45.4% versus 53.2%), a lower dialysis duration (29.9 versus 44.9 months), and a lower serum phosphorus concentration (5.5 versus 6.1 mg/dl) than younger patients. Interestingly, all these characteristics in the older group of the DCOR study are similar to those observed in our patients.
Although presenting novel information, this study has several limitations. First, the prevalent nature of our patients, and their relatively long dialysis vintage, may represent a selection of subjects who have survived despite the presence of factors potentially contributing to increased cardiovascular risk, including subclinical endotoxemia and inflammation. Second, we based our determinations on single measurements of inflammatory markers that are subjected to certain variability. Finally, although CD14 genetic polymorphisms have been related to serum sCD14 levels (35, 36) , the influence of CD14 genotype on sCD14 and its effect on the response to sevelamer was not analyzed.
In conclusion, our study shows that the noncalcium phosphate binder sevelarmer is associated with a significant decrease in hs-CRP, IL-6, serum endotoxin levels, and sCD14 concentrations, parameters that have been shown as independent predictors of mortality in HD patients (10, 11, 37, 38) . Although future studies in HD need to clarify the relationships between inflammatory parameters, circulating endotoxin, and sCD14 levels, and evaluate their effects on vascular health and their contribution to morbidity, clinical practice strategies may reduce the level of inflammation in these patients and may, in turn, affect outcome in a positive manner.
